Fin arrangement, which can cause temperature to be distributed non-uniformly and decrease heat exchange efficiency, can also affect fluid flow and distribution in different channels of a plate-fin heat exchanger. To reduce fluid maldistribution, the fluid flow and distribution should be investigated systematically. However, there is as yet no research reported on the fin arrangement effect. We investigated fluid flow and heat transfer at the inlet of a plate-fin heat exchanger by numerical calculation combined with simulation analysis. We simulated the fluid flow under seven kinds of fin arrangement, and analyzed the effects. The distribution of fluid parameters in four monitor positions among three sections was examined when the inlet flow velocity was 1 m/s with an inlet structure arranged with different numbers of fins. Denser fin arrangements among inlet, diversion, and heat exchange sections all intensify the turbulence at the outlet. With increase of arrangement density, the fluid flow direction will be changed and the fluid distribution inside the exchanger will be intensified to equalize the fluid temperature in different channels of the same layer. Furthermore, the effects of 18 combinations of fins in different sections on fluid flow were studied. Fin arrangements in different sections have more significant effect on turbulence than flow velocity and pressure; in comparison with the inlet and heat exchange sections, the diversion section has a significant effect on turbulence at the outlet of the heat exchanger.
Introduction
As key components of large-size air separation equipment, plate-fin heat exchangers have direct effects on energy consumption and efficiency of the units. As is known fins are important in the heat exchanging structure because their arrangements will not only affect fluid flow and distribution in channels, but also heat exchange efficiency of the whole. There has been some studies on fin structure, fluid turbulence, and the enhancement of heat transfer in heat exchangers. Some significant conclusions have been drawn.
Previous studies used Bayesian statistics (Gnanasekaran and Balaji, 2011), regularized iteration (Yang and Chen, 2009 ), Adomian decomposition (Kundu et al., 2012) , and other methods (Lozza and Merlo, 2001; Yang et al., 2007) to analyze fluid flow and heat transfer in heat exchangers with pin fins (Sahiti et al., 2005) and corrugated fins. Wongwises and Chokeman (2005) studied the spatial effects of fins and columns of tubes on the performance of a herringbone corrugated tube-fin heat exchanger, and revealed the relationship between fin space and heat transfer performance. Liu et al. (2012) focused on fluid flow and heat transfer in a micro-channel of different geometries, and constructed the rules of fluid flow in micro-channels. Ma et al. (2011) studied the enhancement of heat transfer in a serrated spiral finned tube, and concluded the effects of longitudinal pitch of a finned tube on heat exchange and flow resistance characteristics in tube bundles.
In an analysis of fluid turbulence and heat transfer, Hu and Zhang (2007) proposed an improved k-ε analysis model for gas and liquid-phase flow and heat transfer. Li et al. (2011) studied the enhanced heat transfer mechanism of roughness in the process of turbulent and convective heat transfer, and found that there always exists a maximum Nusselt number in the process of convective heat transfer associated with increase of Reynolds number. Yang and Hwang (2009) , Gao et al. (2012), and Wu et al. (2012) adopted the method of numerical simulation and analyzed fluid flow and heat transfer in heat exchangers, and then found the change rules of Nusselt number and friction factor.
For heat transfer enhancement, Lin et al. (2004) and Zhang et al. (2007) focused on the problems of low efficiency and fouling deposit in heat exchangers, and developed rotating twisted tape technology for enhancement of heat transfer and on-line cleaning. Wang et al. (2007) conducted a large eddy simulation according to fluid flow and heat transfer characteristics in the rectangular channel of an inclined-cut ellipsoidal vortex generator and discovered the structure of fluid flow and the mechanism of heat transfer enhancement in the vortex generator. He and Tao (2009) studied the mechanism of heat convection enhancement, pointed to a direction of research on the theory of field synergy, and developed two types of finned tube with an enhanced heat-transfer surface based on this theory. Zhang et al. (2014) summarized the development of large-scale air separation and compared the main technical parameters of the domestic and international high-pressure plate-fin heat exchangers.
It can be concluded from the above that the effects of fin arrangement on fluid flow and heat transfer in heat exchangers are rarely analyzed or reported. However, with the development of air separation equipment to larger sizes and lower energy consumption, plate-fin heat exchangers need to meet high requirements for fluid flow and heat transfer internally. Generally, fin arrangements at the inlet have the following effects on fluid flow and heat transfer:
First, fin arrangements affect the pattern of fluid flow. As the contact position and number of fins vary in different sections, there may be turbulence in some positions changing the flow type and affecting the fluid turbulence in channels.
Second, fin arrangements affect the temperature distribution. The fin has a certain thickness, and, under the same inlet conditions, channels will be narrower if fins are arranged more densely, which will increase the flow rate, and finally, a large amount of fluid can flow out of channels without fully transferring heat, thus decreasing heat transfer efficiency in the exchanger.
With a trend of air separation equipment becoming larger and of lower consumption, heat transfer enhancement of the heat exchanger has become key issue. Therefore, it is important that we can select a proper fin arrangement at the inlet to ensure even temperature distribution of fluid and improve heat transfer efficiency. We focus on the effects of seven types of fin arrangement in different sections at the inlet of a plate-fin heat exchanger on fluid flow and heat transfer.
2
Plate-fin heat exchanger model and mathematical formulation
Physical model
The 3D channel structure of a plate-fin heat exchanger is shown in Fig. 1 . The plate-fin heat exchanger is a multi-layer composite structure overlaid with separating plates and fins of similar geometry. The cross section of single-layer fins is usually rectangular, and generally, fins are evenly distributed in the exchanger. Since the number of fins varies in different sections, fluid may be mixed in the positions where sections are contacted. For a better analysis of the effects of fin number in different sections on fluid flow, the inlet part of the plate-fin heat exchanger is preliminarily divided into three sections: the inlet section, the diversion section, and the heat exchange section.
Among the three sections, the diversion section is mainly used for fluid reallocation, and the heat exchange section, as the main part for heat transfer, completes the heat exchange between cold and hot fluids by heat transfer through fins and separating plates.
The cross section of channels in various sections is rectangular, and commonly used fins are of the straight type. Generally, the number of fins varies in different sections and affects the temperature distribution of fluid in the exchanger. Therefore, computational fluid dynamics (CFD) software, Fluent, was used to simulate fluid flow in the inlet structure.
Mathematical formulation
Fluid flow in channels is simulated based on the assumptions of having a continuous medium with the equations of continuity, momentum conservation, and energy conservation. For better analysis of heat exchange inside the plate-fin exchanger, the following assumptions are proposed:
(a) The fluid is incompressible; (b) fluid at the inlet is under turbulent flow; (c) physical properties of the fluid do not change with temperature; (d) viscous dissipation of fluid is ignored; (e) fluid flows evenly in channels at the inlet; (f) channels formed by fins are evenly spaced; (g) heat exchange between the internal fluid and external air is ignored; (h) frictional resistance and loss of fluid caused by fin structure is ignored; (i) differences in fluid temperature distribution between channels in the same cross section of fin structure on the same layer are ignored.
According to the heat exchanger model created in Fig. 1 and the above assumptions, the model treats fluid and thermo exchange as a closed system. This system consists of the inlet section, the diversion section, and the heat exchange section. The number of fins varies in the three sections resulting in fluid maldistribution and temperature non-uniformity in different channels of the same cross section. The equations of continuity, momentum equation (Qiu et al., 2010) , and energy equations (Qiu et al., 2010) for fluid flow are listed below:
Continuity equation:
Momentum equation:
where U is the fluid flow rate; x and y are coordinate axes corresponding to the flow rate; μ is the frictional resistance loss coefficient; μ t is the turbulent viscosity; ρ is the fluid density; P is the flow pressure; S P is the generalized source item of momentum equation; subscripts i and j are flow directions. In the exchanger, the turbulent flow (Liu et al., 2014) can be calculated as
in Eqs. and C 1 , C 2 , C μ ,  k , and  ε are constants:
Energy equation (Liu et al., 2014) :
where T is the fluid temperature; K denotes the overall heat transfer coefficient; C is the constant; S E is the part of kinetic energy converted into heat during fluid motion; and C p is the specific heat capacity of the fluid under constant pressure.
To simplify the analysis, it is assumed that the outside wall of the exchanger is insulated; there is no sliding mesh on the fin structure and wall, and the wall temperature is constant. 
where l, m, and n represent the number of channels in the inlet, diversion, and heat exchange section, respectively; q is the flux in each channel (m 3 /s); and the subscripts i 0 and max represent the number and the maximum of the number of channels in the three sections.
The heat transfer Q can be expressed in Eq. (7). Newton's equation of heat convection of fluid in the sections is shown in Eq. (5).
where h is the specific enthalpy of the fluid; A is the heat exchange area; and ΔT avg is the logarithmic mean temperature difference of fluid in the exchanger. It can be calculated as
where T hi and T ci is the inlet temperature of hot channel and cold channel; T ho and T co is the outlet temperature of hot channel and cold channel, and ΔT max and ΔT min is the maximum and minimum of the mass-averaged temperature at the outlet of the exchanger, respectively. Pressure loss may occur in various sections and during flow inside the exchanger.
Pressure variation (Gullapalli and Sundén, 2014) in the channel can be expressed as
where ΔP t is the gross pressure variation; ΔP A is the frictional pressure loss; and ΔP L is the local pressure loss, which can be expressed as
where κ is a loss coefficient, and v is the mean port velocity.
The frictional pressure loss can be written as
where L is the channel length, and f represents the friction factor (Huang et al., 2008; , which can be expressed as 0.65 0.17
The hydraulic diameter, D e , in different sections along the channel can be expressed as
In Eqs. (12)- (15), A s is the flow area of the channel; P l is the wetted perimeter of the channel; t is the fin thickness; a is the channel width; b is the channel height; and Re is the Reynolds number, which can be expressed as 
Mesh and boundary conditions
The process of fluid flow and heat transfer in channels is simulated. First, the inlet and outlet of channels, turning points of fins, and neighboring points are treated by grid refinement. The grid model is shown in Fig. 2 .
To illustrate the relationship between grid convergence and mass and energy balance, the grid convergence analysis, mass and energy balance checks of plate-fin heat exchanger are investigated in this study.
1. Grid convergence analysis Grid convergence analysis is proposed for the CFD analysis for estimating the calculation error caused by grid scale. For the analysis of grid convergence, a fin arrangement (5:11:11) is chosen. Six cases with grid numbers of 11 912, 39 344, 2120, 207 998, 90 738, and 54 496 (from case 1 to case 6) are analyzed. We import the meshing results to Fluent (Al-Waked et al., 2013) , and then calculate the results and error of dynamic pressure, velocity, and temperature.
The dynamic pressure and pressure difference under six kinds of mesh grid are given in Fig. 3 . In  Fig. 3a , the pressure difference among six kinds of mesh grid is shown. From Fig. 3a , we can find that, in most cases, the pressure difference among three cases is within the range of −0.2 to 0.1 Pa. In Fig. 3a the minimum value of dynamic pressure difference is 0.0514 Pa. The dynamic pressure difference demonstrates the mesh grid can cause increased dynamic pressure difference, while, for most cases the difference is little at each monitoring position. In Fig. 3b , the dynamic pressure of six kinds of mesh grid at the outlet is shown. From Fig. 3b , the dynamic pressure curves of the three cases are basically identical with just a little change at each monitoring position. For the whole monitoring positions, the maximum dynamic pressure is nearly 1.34 Pa. From the above analysis, we can find that the impact on dynamic pressure of a difference in mesh grid is little.
The velocity distribution and velocity difference under six kinds of mesh grid are shown in Fig. 4 . In Fig. 4a , the velocity difference under six kinds of mesh grid is in the range of −0.2 to 0.2 m/s. In Fig. 4a , the maximum value of velocity difference reaches 0.25 m/s, while the minimum value of velocity difference is 0.0468 m/s. From Fig. 4a , the velocity difference is little for most cases at each monitoring position. The velocity distribution at the outlet of the exchanger under six kinds of mesh grid is shown in Fig. 4b . In Fig. 4b , we can find that the velocity has a little increase at each monitoring position. At each motoring position, the velocity distribution is almost identical. These results on velocity variation with six kinds of mesh grid also show that the velocity at the outlet of the exchanger has little variation at each position.
The temperature distribution and temperature difference under six kinds of mesh grid are shown in Fig. 5 . In Fig. 5a , the temperature difference among six cases is in the range of −7×10 −3 to 7×10 −3 K. The Monitoring position at the outlet Dynamic pressure difference (Pa) 
Monitoring position at the outlet (b) temperature difference among six kinds of mesh grid is zero for some cases at each monitoring position. The temperature distribution at the outlet of the exchanger under six kinds of mesh grid is shown in Fig. 5b. From Fig. 5b , we can find that the temperature at the outlet in the three cases shows such little variation that cannot be found. From the above analysis, we can find that for cases of greater grid refinement (finer mesh grid), the difference still exists and cannot be eliminated, but for temperature distribution, the difference caused by grid refinement can be ignored.
2. Mass balance check To demonstrate mass balance caused by different mesh grids, the mass balance check of three kinds of mesh grid is given in Table 1 . The spacing of the mesh is 0.5, 1, and 5, and from Table 1 , we can find that the mass flux has no difference. Thus, the spacing of the mesh grid has no effect on mass flux.
To illustrate the flux variation with different kinds of fin arrangement, the mass balance check is shown in Table 2 for seven kinds of fin arrangement. As shown in Table 2 , the mass flux between inlet and outlet has no change without considering phase change.
Energy balance check
The energy balance between inlet and outlet of the exchanger under different grid spacing is shown in Table 3 . It can be concluded from Table 3 that the energy has no significant change for the three kinds of grid spacing. However, heat transfer is influenced by grid spacing. In Table 3 , heat transfer increases when grid space decreases, instead, energy has slight change.
Similarly, in order to examine the influence on heat transfer of fin arrangements, the energy balance check for seven conditions is shown in Table 4 .
It can be concluded from Table 4 that energy does not change with different fin arrangements, and therefore the energy balance is satisfied. From Table 4, we also find that heat transfer varies with different fin arrangements so the heat transfer of the whole exchanger can be influenced.
The computational domains in this study are the inlet, diversion, and heat exchange sections (Fig. 6) . The fluid flow and temperature variation under different fin arrangements are analyzed. 
Boundary conditions
The fluid medium is water and assumed to be incompressible, and fins and parting plates are made of 300-O aluminum. Fluid flows into the exchanger from the inlet section. The fluid is single phase flow and the velocity is 1 m/s. The inlet temperature is 300 K. The outlet conditions include the pressure outlet.
A non-slip boundary condition is adopted in this study. Heat transfer between the wall and the atmosphere is not considered. The variation of heat exchange coefficient with temperature is also ignored. Then, a comprehensive heat exchange coefficient can be used to calculate the heat transfer according the material of the exchanger considering the fin and the separate plate as a whole.
The equation of flow field is solved by the method of pressure-velocity coupling, a k-ε turbulence model is used for fluid flow in the turbulence areas, and a finite volume method is used for solution of the fluid control equation. We adopt a second-order upwind scheme for solution of the energy and momentum equations on the basis that the residual error of physical quantities in the control module areas ε<0.001. For convergence of residual errors, the under-relaxation factor of momentum is 0.3, while other parameters have their default values. Since the computation domain of plate-fin heat exchange is usually large, the partition method is adopted for mesh generation, and contact areas in different sections of fin structure are treated by mesh refinement. We took the flow velocity as 1 m/s at the inlet. Four monitoring positions (L1, L2, L3, L4) shown in Fig. 1 in different sections of the exchanger are selected for fluid flow and temperature distribution.
Fluid flow in the channels is calculated according to fin arrangement in four sections. Assuming fluid flows in the direction of the x axis, then flow rate in the directions of the y and z axes should meet 0.
Temperature in the starting position of fins in the inlet section should be consistent with that of the fluid. The external wall of the exchanger is insulated; the direction of fin heat conduction is orthogonal to the direction of fluid flow in channels. On this basis, the temperature variation of fluid in the other two directions and temperature variation of separating plates should satisfy
where T f is the average temperature of fins, and T w is the average temperature of the wall.
Results and discussion
To determine fluid distribution at the outlet, various monitoring points are selected, and mean square errors (MSE) of fluid parameters at the points are calculated. A large square error implies a high dispersion degree of parameters at the point, and poor distribution of fluid parameters at the outlet. Mean values and MSE of parameters at the points can be calculated according to
where ζ is the mean value of the parameter; ξ is MSE of the parameter; and f i or f j is the measured value of the parameter at monitoring points. 
Analysis of fluid flow
Fluid flow in the plate-fin heat exchanger is analyzed under the seven modes of fin arrangement as listed in Table 5 . The analysis model as shown in Fig. 1 is created, in which straight fins are used and fluid flows from the left to right in the exchanger. For spacing, two fin arrangements, 3:8:11 and 5:8:11, are taken and the effects of the arrangements on fluid velocity are analyzed. The results of a simulation analysis on flow rate are given in Figs. 7 and 8. These show that, in the cases of three fins (case 1) and five fins (case 2) in the inlet section, the mean flow rate is 0.869 m/s and 0.836 m/s, and the square error is 0.773 and 0.709, respectively. The flow rate of fluid increases by 3.95%, and the square error increases by 9.03%, which indicates that a dense fin arrangement can improve the fluid distribution in different channels.
Fluid mean flow rate in various monitoring points under seven fin arrangements is shown in Fig. 9 . It can be seen that the mean flow rate decreases progressively in the flow direction. This is mainly because the fin has a certain thickness, and more fins will take up more space and lead to an increase in the flow rate of fluid in the channels.
The distribution of fluid turbulence intensity in exchangers with different fin arrangements is shown in Figs. 10 and 11. It can be seen that turbulence intensity varies insignificantly with fin arrangement, the maximum of turbulence intensity appears at the inlet, and the intensity decreases gradually in the flow direction. In Fig. 10 , the mean turbulence intensity in various channels is 0.206%, while in Fig. 11 the mean value is 0.147%. Fig. 12 gives the mean turbulence intensity of fluid at different monitoring positions under different fin arrangements and shows that under the seven modes of fin arrangement the turbulence intensity decreases gradually in the flow direction, and the maximum intensity at the inlet is 92.06% different from that at the outlet.
Analysis of temperature distribution
As the main heat exchanging units of a plate-fin exchanger, fins play a key role in heat transfer. Distribution of fluid temperature is determined by analysis of the heat transfer performance of fins in the flow direction and the destructive effect of fins on the heat transfer boundary layer of the fluid. The temperature field at the inlet of the exchanger shown in Fig. 1 is analyzed. Based on fin arrangements of 3:8:11 and 5:8:11, the results of simulation analysis on the inlet temperature field are shown in Figs. 13 and 14. The main heat exchanging units of a plate-fin exchanger are fins and parting plates, while the main structure that can damage the thermal boundary layer is the fin. This is mainly because the number of fins varies in different sections, leading to an increase in turbulent dissipation at the contact positions. In addition, heat conduction by fins in the flow direction will affect the distribution of temperature inside the exchanger.
Comparing Fig. 13 with Fig. 14 shows that, under the above-mentioned fin arrangements, the density of fin arrangement will affect the temperature distribution of the fluid; a dense arrangement will lead to even temperature distribution in the exchanging section and significant temperature variation in the flow direction when the flow rate at the inlet remains unchanged. The less the spacing of fins, the more significantly fluid temperature varies at the contact positions of fins. Fig. 15 shows the mean temperature of the fluid at various monitoring points under different fin arrangements; under the given fluid conditions and seven modes of fin arrangement, the fluid temperature decreases gradually in the flow direction; in the case of the 3:8:11 arrangement, fluid temperature at monitoring position L1 is 0.118%, 0.328%, and 0.430% higher than that at L2, L3, and L4, respectively; in the case of the 5:8:11 arrangement, the fluid temperature at monitoring position L1 is 0.163%, 0.349%, and 0.432% higher than that at L2, L3, and L4, respectively. The main reasons are that a dense fin arrangement will improve the evenness of fluid distribution in channels that is directly related to the temperature of fluid, and the secondary heat transfer by fins will accelerate the temperature exchange between cold and hot fluids; in addition, turbulence at the points of contact will damage the heat transfer boundary layer of the fluid, intensify convective heat transfer of fluid, and improve heat transfer of the exchanger.
Comparison of fin arrangements
The effects of different fin arrangements at the inlet of exchange on fluid parameters at the outlet are analyzed. The mean values of fluid parameters at the outlet are calculated for 18 kinds of fin arrangement. These are listed for the inlet, diversion, and exchanging sections in Table 7 , for fluid velocity, pressure, and temperature. With increase of fin number in the three sections, the maximum pressure is 0.195 MPa with a temperature of 298.58 K when the fin number is 9 in the inlet section. The minimum pressure is 0.166 MPa with a temperature of 298.47 K when the fin number is 3.
For the diversion section, the minimum mean value of temperature at the outlet occurs when the fin number is 16 while the mean value of pressure is 0.196 MPa. This is the maximum value among the 18 results. In addition, the minimum value of pressure is 0.144 MPa which occurs when the fin number in the diversion section is 6 while the outlet temperature is near 300 K.
For the heat exchange section, the maximum pressure is 0.166 MPa with a minimum temperature of 298.47 K when the fin number is 11. The minimum pressure is 0.145 MPa with a maximum temperature near 300 K when the fin number is 16.
The above results demonstrate that fin arrangement in diversion sections has a more significant effect on fluid distribution and heat transfer in comparison with the inlet and heat exchange sections. An appropriate fin number can not only reduce the pressure drop but also increase heat transfer efficiency.
The main reason is that the thickness of the fins in channels leads to disturbance of fluid flow in the channels. This disturbance mainly occurs at the contact points in various sections of the inlet part, and at the inlet and outlet, which may change the type of fluid flow and intensify turbulence. As the fluid meets the condition of continuity, its flow rate varies little at the inlet and outlet. In addition, with increase in fin number, the width of channels is decreased, fluid flow is accelerated, and fluid turbulence becomes more obvious in the case of a change in the flow interface. 
Results validation
The fluid flow and temperature variation caused by different fin arrangements in plate-fin heat exchanger was investigated using Fluent. The evaluating indicator for performance, i.e., the heat transfer and pressure ratio, Q P , is proposed to choose the best fin arrangement. Generally, the higher values of Q P mean better heat transfer. Q P is expressed as total total total total avg avg avg out in avg avg avg out in 1 1 total total 1 1 total total 1 1
where m total and n total is the number of the outlet and inlet heat flux; s total and t total is the number of the outlet and inlet dynamic pressure, respectively; Q i is the inlet dynamic pressure at point i; P k is the dynamic pressure at point k; the subscript avg represents the average value; and the subscripts out and in represent the outlet and inlet, respectively.
From Table 8 we can conclude that the three parameters including heat transfer, dynamic pressure, and heat transfer and pressure ratio vary with different fin arrangements. The variation of the three parameters is shown in Figs. 16-18. 
Analysis of wall function and Y plus
As shown in Fig. 1 , the plate-fin heat exchanger layer of fluid flow can be generated. Therefore, the boundary-layer flow near the wall should be considered. The standard k-ε model was adopted to analyze turbulent flow in the fully developed turbulent area. A wall function was used in this study. Two methods of analyzing fluid flow on walls were adopted: (a) a modified k-ε model to calculate fluid viscosity near the wall; (b) semi-empirical method (wall function) to calculate fluid viscosity between wall and turbulent area, in which the modification to the turbulent model can be ignored and the calculation on the turbulent area can be simplified. The value of Y plus of seven kinds of fin arrangement near the wall after calculation is shown in Fig. 19 .
From the above results, we find that the value of Y plus for the seven fin arrangements is mainly in the range of 0-700, and most of those are in the range of 100-400. From the Fluent manual, we know that the value of Y plus should be in the range of 30 to 500, so that, in this study, these results show that the results are valid.
Conclusions
This study mainly investigated fluid flow and heat transfer at inlet of a plate-fin heat exchanger under different fin arrangements. The CFD model of the plate-fin heat exchanger was created and 18 kinds of fin arrangement under single layer were analyzed. The following conclusions flow from the above analysis:
Fin arrangements in three sections affect fluid turbulence. Simulating the fluid flow under seven fin arrangements shows that, with increase of fin number, turbulence intensity at monitoring positions decreases along the flow direction, and the intensity difference between the inlet and outlet is up to 92.6%.
Dense arrangement of fins can equalize fluid distribution in different channels at the same layer, reduce temperature difference, increase the heat exchange area of fins, and improve the effect of heat transfer.
Compared with the inlet and heat exchange sections, fin arrangements in the diversion section have more significant effects on temperature distribution and pressure drop.
The mean value of pressure drop at the outlet is consistent with temperature. In three sections, when the mean value of temperature at the outlet reduces to the minimum, the pressure also nearly reaches to the minimum which means the pressure drop is at its maximum. 
